Manipulating and reserving the valley pseudospin of excitons are one core aim in the transition metal dichalcogenides (TMDs). However, due to the strong electron-hole exchange and spin-orbit coupling interactions, the exciton recombination lifetime is subject to picosecond timescale intrinsically, and the valley polarization is hardly modulated by the moderate magnetic field. It is fortunate that interlayer and defectlocalized excitons promise to overcome these difficulties by suppressing these interactions. Here we clearly reveal that the valley polarization can be reversed and revived in the defect-localized excitons with microsecond lifetime in AB-stacked WSe2-WS2 heterobilayer. Specifically, for the interlayer defect-localized exciton, the valley polarization is reversed and can be enhanced efficiently by a weak out-of-plane magnetic field (<0.4T). In sharp contrast, for the intralayer defect-localized exciton, the valley polarization can revive after a fast relaxation process whose sign follows the direction of a strong out-of-plane magnetic field (>1T). We explain the reversed valley polarization with magnetic-field sensitivity by the delocalization of defect-localized holes by a weak magnetic field and the revival of valley polarization by the valley Zeeman effect from a strong magnetic field. Our results raise the prospect to find rich and novel valley dynamics in defect-localized excitons in the TMDs heterobilayer.
Introduction
The electronic, optical and magnetic properties of the atomically thin transition metal dichalcogenides (TMDs) in the MX2 (M=Mo, W; X=S, Se) have been studied intensively in the past few years 1 . For monolayer TMDs, benefiting from the strong spin-orbit interaction and broken inversion symmetry, the spin and valley degrees of freedom are coupled to each other, enabling a circular optical access to the valley pseudospin by the valley-dependent optical selection rules 2 . Using the valley pseudospin coupled with the excitonic states, the TMDs have emerged as promising candidates for storing, encoding and proceeding information. However, owing to the strong electron-hole exchange interactions in monolayer TMDs, the valley polarization lifetime is intrinsically limited to picosecond 3 . Such short valley polarization lifetime seriously limits the development of valleytronic devices that should allow the manipulation of the valley pseudospin before its dissipation or decoherence in monolayer TMDs. Therefore, constructing architectures with higher valley polarization and longer valley lifetime holds the key for practical applications.
Fortunately, it has been proposed very recently that the TMDs' van der Waals (vdW) heterostructures, realized by either viscoelastic stamping or heteroepitaxial growth of two different monolayer TMDs, possess the unique advantages to circumvent these limitations [4] [5] . Specifically, for type II band alignment, electrons and holes find their energy minimums in different layers 6 and the spatial separation reduces the overlap of electron and hole wavefunctions and changes the exciton properties significantly 7 . Moreover, in this heterobilayer configuration, it allows to engineer the valley properties of the interlayer exciton by tuning a series of degrees of freedom, such as changing the geometric arrangement of bilayer stacking, selecting different TMDs as the components, imposing an external electric field and so on [8] [9] [10] . In parallel, it has also been demonstrated very recently that, defects in monolayer TMDs could be exceptionally desirable for various desired properties [11] [12] [13] [14] , and the excitons localized at which can behave as single-photon emitters [15] [16] , and/or possess a microsecond valley lifetime 17 . Thus, it is natural to ask: if a heterobilayer of TMDs was composed of the monolayers with certain defects, could these intralayer defects play any role in tuning the valley properties of the interlayer exciton. As far as we know, such kind of study on the role of defects in the heterostructures of TMDs has not yet been explored.
In the present work, we have explored the magnetically-tunable valley dynamics of the defect-localized excitons in the AB stacked WSe2-WS2 heterostructure through both the steady-state and time-resolved photoluminescence (PL) measurements with polarization resolution. We have found that both the interlayer (IXdef) and intralayer (Xdef) defect-localized excitons possess microsecond valley lifetimes, exhibiting intriguing magnetically-sensitive responses in their valley dynamics. On one hand, the valley polarization of IXdef is reversed and can be significantly enhanced by a weak outof-plane magnetic field (Bz<0.4T), presenting a "Λ" pattern in the magnetic-field dependence. On the other hand, the valley polarization of Xdef can revive after a fast relaxation process whose sign follows the direction of a strong out-of-plane magnetic field (Bz>1T) and exhibits an "X" pattern. We explain the magnetic-field-sensitive reversed valley polarization by the delocalization of defect-localized holesby a weak magnetic field that then hops to another layer to emit oppositely polarized light. While the revival of valley polarization in the intralayer exciton roots in the valley Zeeman effect from a strong magnetic field.
PL properties of defect-localized excitons in the heterostructure.
The monolayer flakes of WSe2 and WS2 used in this study were grown respectively onto the 300-nm-thick SiO2/Si substrates by conventional chemical vapor deposition (CVD) method, and then were stacked to form the heterobilayers in an AB alignment by a wet transfer method through polymethy methacrylate (PMMA) 18 using a homemade high-precision transfer platform (see method section). The optical microscope image of an established heterostructure is displayed in Fig. 1a , the configuration of AB stacking can be easily recognized by the completely opposite arrangement of the two regular triangles. Fig. 1b shows the PL spectrum of monolayer WS2, WSe2 and heterostructure zones at temperature of 10 K excited by a laser with 532 nm wavelength and spot size about 1μm. From these PL spectra, we can figure out that the peak at 615 nm and 740 nm correspond to intralayer exciton of monolayer WS2 and WSe2, respectively. For the new arising peak at 860 nm, it is attributed to the interlayer exciton, in which electrons are in the lower conduction band of monolayer WS2 and holes reside in the upper valence band of monolayer WSe2 4, [19] [20] [21] . In detail, we can clearly observe that the PL of WSe2 monolayer includes two peaks (740 nm and 715 nm). As reported in the literature, the binding energy between excitons and trions is about 20~40 meV for TMDs generally [22] [23] [24] . Nevertheless, the calculated energy gap between the two peaks is about 58 meV, which is much larger than the binding energy of trions. Therefore, we infer the higher energy shoulder peak corresponds to intrinsic exciton of WSe2, and the lower one comes from the defect-localized exciton (Xdef). In order to obtain some more useful information, we collect the PL spectrum at different temperature ( Fig. S1 ) and show the normalized PL of both 740 nm and 860 nm as a function of temperature and wavelength in Fig. 1c and d , respectively. From Fig. 1c and d , we can clearly observe that, unlike the usual monotonic redshift temperature dependence of an excitonic interband transition, the spectra of these two excitons share a common "transition point" roughly around 120 K (black dashed boxes in Fig. 1c and d) . Both of the peaks redshift monotonically below this temperature range, whereas hop abruptly to the higher energies above the range. This "transition" feature comes from the thermal activation process from defect-bound to free excitons, which clearly indicates the defect-trapped natures of both the interlayer exciton and the WSe2 intralayer one (Xdef) especially at the low temperatures, and strongly suggests the same defect origin shared by IXdef and Xdef. In order to further confirm the role of defects, we plot the PL intensity as a function of excitation power in Fig. 1e (color dots) and fit the experiment data using the formula I=P α , where I is the PL intensity, P is the excited laser power, and α represents the fitting constant. From the fitting results, we can observe that the PL located at 615nm presents a linear relation with excitation power (α~0.99), indicating the intrinsic exciton property of monolayer WS2. However, the PL located at 740 nm and 860 nm show similar sub-linear dependence on the laser power (α~0.86 and 0.88, respectively). Since IXdef and Xdef share the same defect origin which comes unambiguously from the monolayer WSe2, the defect level must be shallowacceptor-like, exactly locating above the valence band maximum of the WSe2 12 . With all of these results, eventually we can clearly define the band alignment structure of the heterobilayer samples, as sketched in figure 1g .
Transition dynamics of defect-localized excitons in the heterostructure.
In order to explore the transition process of the defect related excitons, we further explore the time-resolved PL under different temperature using a pulse laser at 670 nm wavelength with light spot size ~1 μm. The experimental time-resolved PL spectra of monolayer WSe2 and and WSe2-WS2 heterobilayer are shown in Fig. 2a and b, respectively. From experimental results, we can clearly observe that the transitions of both excitons in Fig. 2a and b include the fast and slow processes. The slow process is significantly suppressed as the increasing temperature. Therefore, it is necessary to use the double exponential formula to fit the exciton dynamics of the fast and slow process. The fitting formula is in the form of 
where τ1 and τ2 are the lifetimes of the fast and slow process, respectively. A1, A2, B and R are fitting parameters related to the initial population and the rate constants. Fig. 2c and d show typical fitting results for time-resolved PL of monolayer WSe2 and WSe2-WS2 heterobilayer measured at temperature 5K, respectively. We can clearly observe that the time-resolved PL can be well fitted by the double exponential formula (equation 1). The fitting results of the initial population (A1 and A2) corresponding to spectra of monolayer WSe2 and WSe2-WS2 heterobilayer are shown in Fig. S2a and c, respectively. From the experiment and fitting results, the initial population of the slow process is monotonously reduced (A2), and even disappear at 180 K; however, there is only a slight decrease in the fast processes (A1). The above results are in good agreement with the temperature-dependent original ( Fig. S1 ) and normalized ( Fig. 1c and d ) PL intensity, which is sufficient to confirm that the fast (A1) and slow (A2) decay processes stem from the transition of free exciton (X and IX) and defect-localized excitons (Xdef and IXdef) respectively. Therefore, the schematic of exciton transition process in the WSe2-WS2 heterostructure can be shown as Fig. 2e . Additionally, the fitting results of lifetime (Fig. S2b and d) reveal that the fast decay lifetime τ1 is ~1 ns and ~6 ns, which is consistent with the previously reported X and IX lifetime ranges 26 , while the slow decay lifetime τ2 is ~1200 ns and ~1700 ns, which should be correspond to the defect-localized excitons 17 . It is worth noting that the increase in the lifetime of the slow process with the increase of temperature might be the unique properties of the defect-bound excitons. This is in contrast to the previously reported dark state-brightness caused by the splitting of the conduction band in tungsten selenide 27 . Because of the separation of electrons and holes into different layers for interlayer excitons, both fast and slow decay lifetimes of IXdef are longer than that of Xdef. It demonstrates that defect-localized exciton is a very feasible means to improve the radiative transition lifetime and offer a promising platform for the future valleytronic device. 
Magnetically-tunable valley polarization of defect-localized excitons.
As we know, because the valley polarization is one core figure of merit in the valley dynamics [28] [29] [30] , efficient modulation of the valley polarization has great significance. The valley or PL polarization can be defined as
where I(σ±) presents the σ± detected polarization-resolved PL intensity. In order to evaluate the magnetic field response of valley polarization of the defect-localized excitons, we first measured the steady-state PL spectra in detection with σ-and σ+ polarization as a function of out-of-plane magnetic field (Bz) and wavelength under σ+ excitation as shown in Fig. 3a and b (the spectra under σ-excitation shown in S3a and b).
Comparing the polarization-resolved PL spectra ( Fig. 3a and b, Fig. S3a and b) , it can be clearly observed that although the attenuation dynamics of IXdef and Xdef have many similarities (Fig. 2a and b) , their valley polarization and magnetic field response are quite different. The PL intensity of IXdef is sensitive to the magnitude but independent of the direction of the Bz. In detail, the PL in the detection with opposite circular polarization to the pumped one (excitation: σ+, detection: σ-; excitation: σ-, detection: σ+) is significantly enhanced with the increase of the weak Bz (<±0.4T) and then becomes saturated with the further increase of the magnetic field. Nevertheless, the PL in the detection with the same polarization to the pumped one (excitation: σ+, detection: σ+; excitation: σ-, detection: σ-) is on the contrary whose intensity becomes lower with larger magnetic field (>±0.4T). On the contrary, the polarization-resolved PL of Xdef is dominated by the direction of Bz. In Fig. 3a and b, the σ+ and σ-detected components of the Xdef with σ+ excitation changes monotonously with Bz but the trend is reversed. According to the definition of valley polarization (Eq 2), we can quantitatively calculate the valley polarization of the defect-localized excitons. Figure 3c shows the calculated degree of valley polarization of IXdef as a function of Bz and wavelength with σ+ excitation (the one with σ-excitation shown in S3c). What makes this especially remarkable is that the polarization of IXdef possesses a negative value and can be significantly enhanced by a weak Bz (< ±0.4T), as shown a dark line around 0T in Fig.  3c and Fig. S3c . From the averaged polarization of IXdef (Fig. 3e) extracted from Fig.  3c and S3c, we can clearly observe that the steady-state valley polarization of IXdef presents a "Λ"-like dependence on the weak Bz. We calculate the slope of Fig. 3e to be about 0.4/KGs. Such a high magnetic sensitivity indicates that the IXdef possesses an unique (external field regulation) advantage in the application of the valley electronics device. In sharp contrast to IXdef, The measured data of the valley polarization of Xdef ( Fig. 3d and S3d) is obviously dominated by the direction of Bz (>±1T). From the averaged results (Fig. 3f) extracted from Fig. 3d and S3d, the Bz tuning dependent PL polarization presents an "X"-like tendency, which is similar to the research of free excitons 31 . The experimental valley polarization results reveal that the IXdef and Xdef have an obviously different magnetic response and the defect-localized excitons possess some unique and unrevealed transition dynamics and merits comparing with delocalized excitons. 
Magnetic tuning of the dynamics for IXdef in the heterostructure.
In order to understand above steady-state results ( Fig. 3c and e) , we need to figure out the possible dynamics of valley polarization for the defect-localized excitons. We perform the time-resolved measurements for both of the interlayer and intralayer defectlocalized excitons with polarization resolution in the presence of different out-of-plane magnetic fields (Bz) using 670 nm pulse laser with repetition of 500 KHz. Fig. 4a shows the σ+ (red cure) and σ-(black cure) detected time-resolved PL of interlayer excitons (IXdef and IX) at selected Bz magnitudes with σ+ excitation respectively (the one with σ-excitation is referred to Fig. S4a ). The measured results show that the slow decay process of the time-resolved PL detected in opposite polarization to the pumped one is obviously enhanced after applying a weak Bz. According to the definition of valley polarization in Eq. (2), we calculate the time-resolved valley polarization for interlayer excitons with σ+ excitation at a selected weak Bz, as shown in Fig. 4b (the one with σ-excitation is shown in Fig. S4b) . Interestingly, it reveals that in the absence of Bz, the interlayer excitons have possessed a negative valley polarization at the beginning of the radiative recombination, which nevertheless quickly decay to nearly zero within the next few nanoseconds. Therefore, there is a small negative valley polarization (-10%) observed in the steady-state PL polarization (Fig. 3e) . When adding a weak Bz within 0.4 T, we find that the slow decay process for the valley polarization is significantly enhanced. We fit the fast and slow processes in Fig. 4b and S4b with the bi-exponential decay 
where τ3 and τ4 are the valley lifetimes of the fast and slow decay, respectively, and C1
and C2 are the initial polarization of these processes. Fig. 4c show the fitting results of C1 (purple dots) and C2 (orange dots) with σ+ excitation (the one with σ-excitation is plotted in Fig. S4e ). We can observe that C2 shows a "Λ"-like tendency with the increase of Bz, but C1 is nearly unchanged with Bz. Meanwhile, the slow decay lifetime (τ4) shown in Fig. S4e becomes longer (even up to 3000ns at 0.4T) showing a "V"-like pattern with the increase of Bz, however, the fast decay lifetime (τ3) shown in Fig. S4d is kept around 10 ns with a little fluctuation. According to Fig. 2b , we know that the fast process is originated from delocalized interlayer excitons (IX), but the slow process roots in defect-localized interlayer excitons (IXdef). Therefore, the enhanced slow process is responsible for the enhancement of the negative valley polarization in magnitude by the weak magnetic field in the steady-state measurements in Fig. 3 . It indicates that the valley pseudospin of IXdef is more sensitive to the magnetic field (Bz) in comparison to the one of IX. The reversed or negative PL polarization of the interlayer exciton emerging in the AB-stacked heterobilayer was theoretically predicted by Y. Wang et al. 32 and was observed experimentallyvery recently 8 . Similarily, we can also explain our observed features for IXdef using the optical dipole of the interlayer exciton with kinematic momentum Q, in which the electron and hole reside in the τK and -τK valleys in the WS2 and WSe2 layer. The optical dipole operator D is given by (derivation is referred to supplementary S6)
The first term of the right-hand side denotes the direct recombination of the electron and hole in the WS2 and WSe2 monolayers with Ψ-τK,c andΨτK,v being their wavefunctions at the band edge. ΘI(r=0) represents the wavefunction of electron-hole relative motion in the interlayer exciton. The efficiency of the direct recombination is expected to be negligibly small due to the spatial separation of the electron and hole in different layers. The second term of the right-hand side comes from the interlayer hopping of the electron and the adjacent recombination of the intralayer exciton XτK in the WSe2 layer, in which te is the interlayer hopping energy of the electron, EI(Q) and EWSe2 are the energy of the interlayer and WSe2-layer excitons, respectively. This process does not cause the reversal of the PL polarization. While the third term of the right-hand side arises from the interlayer hopping of the hole and the adjacent recombination of the intralayer exciton Λ-τK in the WS2 layer, in which th is the interlayer hopping energy of the hole and EWS2 is the energy of the WS2-layer exciton. This process indeed causes the reversal of the PL polarization because the intralayer exciton Λ-τK in the WS2 layer emits the PL with opposite polarization to that of XτK in the WSe2 layer. Therefore, when the third process is dominant due to the more efficient interlayer hopping of the hole than the electron one, the PL polarization become reversed, as the observations in our experiments. As a special case to possibly understand the relative magnitudes of the hopping energy, in the commensurate heterobilayer, te tends to be zero due to the interference effect during the electron hopping but th is still large 33 . In reality, the lattice is not commensurate because the formation of interlayer exciton indicates a finite te, but the interlayer hopping of holes may still be more efficient than that of electrons as indicated by the first-principle calculation 32 . From this viewpoint, we attribute our measured negative PL polarization to the efficient interlayer hopping of hole that is also consistent with our interpretation on the magnetic-field sensitivity of the PL polarization,as we will discuss below. Thus, in Fig. 4d, consistent with Fig. 2b , the fast and slow processes can be understood according to the recombination of the intrinsic and defect-localized interlayer excitons due to the efficient interlayer hole hopping (more explanation is referred to supplementary S6).
From this viewpoint, any process that influences the interlayer hopping may influence the observation of the reversed PL polarization in the heterobilayer, e.g., the interface quality or motion between the two layers, that might make their observation in the experiment difficult. In particular, at the low temperature the weak localization of the hole arising from the quantum interference of different paths in the disordered WSe2 layer by the W-defect inevitably influences the interlayer hopping of hole 12 . By a small out-of-plane magnetic field, the interference of different paths of the hole become destructive 34 , and hence the weak-localization of the hole becomes less efficient and the interlayer hopping of the hole can play more important role in the optical dipole of the interlayer exciton [Eq.~(4)]. This can be responsible for the enhancement of the recombination of the defect-localized exciton to emit PL with opposite polarization that is sensitive to a weak magnetic field in the slow process (shown in Figs. 4b and c) . Nevertheless, the fast process is less influenced by the weak magnetic field because the motion of the relatively free hole cannot be efficiently influenced by a weak magnetic field. Magnetic tuning of the dynamics for Xdef in WSe2.
As addressed in Figs. 2d and f, we have seen that the Bz-tunable PL polarization of Xdef presents an "X" pattern that is obviously different to the magnetic-field dependence of IXdef, suggesting their different transition dynamics. In order to figure out the microscopic process, we use the pulse laser (670 nm) to measure the time-and polarization-resolved PL of Xdef at 10K. Fig. 5a shows the σ+ (red) and σ-(black) detected time-resolved PL spectra of Xdef with different Bz under the σ+ excitation (the one with σ-excitation shown in Fig. S5a ). The measurements reveal that the slow process of the PL detected in σ-polarization become stronger than the one in σ+ polarization when the Bz increases towards the positive magnitude. Whereas, this relation becomes reversed when Bz is reversed to the negative direction. Based on Fig.  5a , the time-resolved valley polarization of Xdef under σ+ excitation is plotted in Fig.  5b in the presence of different out-of-plane magnetic fields (the one with σ-excitation is shown in Fig. S5b) . Again, there exist the fast and slow processes for the time evolution of the PL polarization. We see that the magnitude of the PL polarization in the slow process is even larger than the initial PL polarization, implying the PL polarization becomes revived in the slow process even when it has been relaxed in the fast process. The revival of the PL polarization can be kept in a large magnitude (90%) without evident decay in a few microseconds. Moreover, the measured results show that the initial PL polarization is less influenced by the magnetic field, but the PL polarization becomes reversed in the slow process when the direction of Bz is reversed from the positive to the negative direction. Surprisingly, the reversed PL polarization is stabilized by the out-of-plane magnetic field in the negative direction that does not depend on the polarization of the excited state. This suggests that the PL polarization in the slow process is related to the distribution of exciton that is determined by the magnetic field 31 . The physics here can be understood from the valley Zeeman effect [35] [36] . Fig. 5c shows the diagram of transition dynamics of Xdef under zero, positive and negative out-ofplane magnetic field. The fast process can be attributed to the intralayer free exciton with lifetime being sub-nanosecond that dominantly emits σ+ (σ-) light when pumped by σ+ (σ-) light. Hence, no valley polarization reversal happens at the fast process. The lifetime of the defect-localized intralayer exciton is extended to be hundreds of nanosecond or even microsecond, while its valley polarization lifetime is also in the order of microsecond, in consistent with the literature 17 .The long lifetime of these exciton allows to store the valley polarization because they experience weak optical dipole and electron-hole exchange interaction. We therefore attribute the slow process to the defect-localized intralayer exciton. The out-of-plane magnetic field then causes the valley Zeeman splitting of the defect-localized intralayer exciton that influences its quasi-equilibrium distribution. As shown in Fig. 5c , without the time-reversal symmetry broken by the magnetic field (Bz=0T), the equilibrium distribution of the defect-localized exciton tends to be the same that does not contribute to the PL polarization in the slow process. A large magnetic field (Bz>1T and Bz<1T) can cause a significant Zeeman splitting of these excitons in the two valleys, that then breaks the balance of these exciton populations in the two valleys by forming more low-energy exciton as indicated in middle and bottom panel of Fig. 5c . These low-energy exciton stores the valley polarization that can be even larger than the initial one with sign determined by the magnetic field direction. This explains the tunability of the valley polarization of the intralayer defect-localized exciton by the magnetic field in our experiment.
Discussion
In summary, we have investigated the tunable PL polarization dynamics of the defect-localized excitons by out-of-plane magnetic field in the AB-stacked WSe2-WS2 heterostructure. Several interesting features related to the defect-localized excitons can be extracted from our experiment. Firstly, both the interlayer and intralayer defectlocalized excitons possess microsecond radiative and valley polarization lifetimes. Secondly, the PL polarization from the interlayer exciton is intrinsically negative and very sensitive to a weak out-of-plane magnetic-field (<±0.4T) that can be significantly enhanced in magnitude by the weak magnetic field. Thirdly, the PL polarization from the intralayer exciton is determined by the direction of out-of-plane magnetic-field that can even revive by a strong out-of-plane magnetic-field (>±1T) in the time evolution: the valley polarization increases up to 90% within few nanoseconds and then keeps this value in about few microseconds without attenuation. We explain that these defect related abnormal phenomena in the magnetic field dependence from the suppression of the localization of exciton and valley Zeeman effect. According to our work, defectlocalized states of the TMDs heterostructure offer a broad and promising platform to extend the valley pseudospin lifetime and enrich the valley exciton physics.
Methods

Monolayer WSe2 and WS2 growth
We firstly grow the monolayer WSe2/WS2 through chemical vapor deposition (CVD).In detail, at upstream high-purity Se/S powder (Alfa Aesar, 36208/10785) of 0.2 g was added into a small quartz boat that served as the evaporation precursor. At downstream high-purity WO3 powder (Alfa Aesar, 11828) of 10 mg was filled into another small quartz boat which was covered with the cleaned and facedown SiO2/Si wafers (1.5 1.5 cm 2 in size) as the growth substrates. The whole system (the chamber and pipes) was evacuated by a mechanical pump to a base vacuum of ~4.5 Pa, and then followed by the re-filling of ultrahigh-purity argon gas (99.999%) with a constant flow of 120 sccm. Under the protective environment of this carrier gas, the two heating zones of the tube furnace were ramped to target temperatures of 350/320 (for the Se/S powder) and 825 C (for the WO3 powder), respectively. From then on, the argon gas flow was turn down and kept at 60sccm, and the growth was typically lasted for 30 min before being finally stopped by shutting off the power of the furnace. The substrate was naturally cooled down to room temperature before the cutoff of the argon flow and system venting.
WSe2-WS2 heterostructure transfer
We firstly spin-coated polymethy methacrylate (PMMA) onto the growth WSe2 substrate and dry under 180 C environment lasting 15min, and then gently soaked into the NaOH solution (2mol/L) about 60 min for etching the SiO2 away and separating the PMMA/WSe2 from substrate. After separation, clean the PMMA/WSe2 using the deionized water very slowly and carefully. We faxed the WS2/substrate on a rotatable platform and smoothly tiled the PMMA/WSe2 onto a quartz window. At last, we stack the WSe2-WS2 heterostructure in AB order through rotating the WS2 platform and moving the PMMA/WSe2 quartz window under our homemade rotatable and high-resolution transfer platform system.
Time-resolved PL measurement
The attodry 1000 system was used to provide a low temperature (>4K) μ-PL spectrum testing platform. We employee the Clark MXR Impulse Laser to generate a 670 nm pulse laser with 500 KHz and pulse width less than 200ps and an electrical pulse as the start signal of the timer. We set up the circularity-resolved confocal μ-PL testing system and focus the 670 nm pulse laser using a 100x objective lens on the sample surface down to 1 μm. The laser power on the sample was controlled at 20 μW for the excitation. The single photon detector (SPCM-AQRH-14) was used for collection and detection of the PL signals and switching the optical into electrical signals immediately, which was inputted into the timer as the end signal.
